Abstract. In the present study, a topical review of recent advances in the perovskite solar cell (PSC) is discussed in detail. Organolead halide perovskite materials have many qualities to make them suitable for the fabrication of low solar cells. High absorption coefficient, long charge carrier diffusion length, low temperature processing and ambipolar behaviour are the main advantages of perovskite materials. The efficiency of the perovskite solar cell is considerably increased from 3.9-22.1% since 2009. In the present review, firstly, the fundamentals and progress in the field of PSC are discussed. The types and structures of PSC are also discussed. Three are four main layers (electron transport layer (ETL), photo-active layer (perovskite layer), the hole transport layer (HTL) and the back contact (the counter electrode)) present in PSC structure. Each and every layer has their importance and it plays an important role to make a low cost solar cell. So study is also focused on the ETL/HTL free PSC. Although the efficiency of PSC is increasing every year, the reproducibility, stability and large scale production are the main challenges. So, the use of mixed cations in active layer to enhance the power conversion efficiency (PCE) and stability of PSC are also discussed in detail. Pb-free PSCs are also discussed rigorously to make harmless PSC. The processing cost of metal electrode deposition in PSC is very costly. So, the replacement of the metal electrode by some other low cost counter electrode is discussed comprehensively in the present review. Lastly, some future research scope of PSC is also discussed.
INTRODUCTION
Solar energy a renewable and clean energy and it is available in plenty, so it has the ability to solve current global energy crisis. But, it needs to be harvested properly. Solar cell based on crystalline silicon is widely commercialised recently, but it generally requires a very costly fabrication process. Additionally, there is very less chance to further increase the efficiency of silicon solar cell as it is reached at its highest limit. So, there is a great need to search an alternative source to harvest energy. It is a difficult task for researchers to search out a solar cell which has low processing cost, high performance and more stability. Dye sensitized solar cell (DSSC) and quantum dot solar cell (QDSC) are less costly and low temperature processing device, but their highest efficiency is less than half of silicon solar cell [1] [2] [3] . PSC is one of the best options to get high PCE at low cost. The typical structure of perovskite material is AMX 3 , where X is anion; A is cation; and M is also cation (with size smaller than that of cation A). The crystal structure of perovskite is shown in Fig. 1 . Generally, all AMX 3 are not capable for efficient light absorption. Only those AMX 3 can be used in solar cell fabrications, which contains the proper band gap as well as proper energy level (suitable with the adjacent materials). Perovskites with long charge carrier life-time and high mobility is suitable for efficient photovoltaic device. Due to the presence of divalent anions and hence strong electrostatic bond, the high band gap of perovskites are not appropriate for solar photovoltaics (PV).
The most efficient PSC uses MAPbX 3 perovskite crystals, where MA is CH 3 NH 3 + and X is (Cl -, Br -, and I -). The ambipolar nature and low temperature processing ability makes perovskite solar cell as less costly PV device. MAPbX 3 materials are also used in the fabrication of light emitting diodes, the laser and various optoelectronic devices [4] [5] [6] [7] [8] [9] [10] . Essentially, the solar cell is a device which absorbs solar radiation and generates electron-hole pairs to produce electricity. In most of the solar cell, a semiconductor material is used as a conversion medium. The photo-generated carriers are separated by means of a field produced by a p-n junction to flow electric current into external load. PSC is a new generation low cost solar cell having easy fabrication process. It has four main layers (ETL, absorber layer, HTL and counter electrode layer). There are two types of PSCs: mesoporous and planer. In a typical PSC, perovskite layer is placed between ETL and HTL. In mesoporous PSC, a thin blocking layer is inserted between ETL and perovskite layer to block the pin holes of ETL, whereas in case of planer solar cell, blocking layer is not compulsory to insert. Planer junction may be n-i-p or p-i-n. The efficiency of PSC is increased from 3.9% to 22.1% since 2009. The progress in the efficiency of the perovskite solar cell using organic/polymeric hole transport material (HTM), inorganic/cheaper HTM and HTM/Electron transport material (ETM) free is shown in Figs. 2, 3 , and 4 respectively.
In the present study, a topical review of recent advances in perovskite solar cell (PSC) is discussed in detail. In the present review, firstly, the fundamentals and progress in the field of PSC are discussed. The types and structures of PSC are also discussed. Study is also focused on the ETL/HTL free PSC. The use of mixed cations in the active layer to enhance the power conversion efficiency (PCE) and stability of PSC are also discussed in detail. Pbfree PSCs are also discussed rigorously to make harmless PSC. The processing cost of metal electrode deposition in PSC is very costly. So, the replacement of the metal electrode by some other low cost counter electrode is discussed comprehensively in the present review. Lastly, some future research scope of PSC is also discussed. Current progress and future prospective of perovskite solar cells: a comprehensive review 
PROGRESS IN THE PEROVSKITE SOLAR CELL
A big revolution in the field of solar cell was done by Miyakasa and co-workers in the year 2009 [11] . [20] . In their further work, they have used intramolecular exchange method and made a perovskite solar cell having an efficiency of 20% [21] . Almost all mesoporous structures need a HTM [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Spiro-OMeTAD is very expensive HTM and for commercialization of PSC, less costly HTM is best option. Jeon et al. used polytriaryl amine (PTAA) as HTM which was less expensive than spiroOMeTAD [18] . The main drawback with PTAA is that, it needs dopant which can reduce the stability of PSC. Saliba et al. has reported an efficiency of 21.10% [37] . They have used a mixture of formamidium, methyl ammonium and cesium monovalent cations as absorber layer. The triple cation perovskite increased the thermal stability. They have optimized the concentration of Cs in perovskite layer. The X-ray diffraction (XRD) image shows that, as the concentration of Cs increases from 0% to 15%, the conversion of PbI 2 into perovskite increases. A comprehensive list of studies reported about PSCs (with organic/polymeric HTM) is given in Table 1 . [41] . The partial pressure of oxygen is varied during HTM deposition and optimised the pressure and the thickness of HTM. The scanning electron microscopy (SEM), the XRD image of the HTM and J-V curve of the device is shown in Fig. 5 . Fig. 5b depicts that the crystallinity of NiO gets better as the oxygen pressure increases from 10 mTorr to 200 mTorr. After 200 mTorr, the structure is getting loosely packed as shown in Fig. 5a . [56] . The devise structure and J-V curve are shown in Fig. 6 . A comprehensive list of studies reported on use of inorganic/ less expensive HTM is given in Table 2 . 
Using inorganic/less expensive material as HTM

Planer perovskite solar cell
The structure of planer and mesoporous perovskite solar cells are shown in Fig. 7 . The planer structure may be n-i-p or p-i-n as shown in Figs. 7a and 7b respectively. The only difference between n-i-p and p-i-n structures is the location of ETL and HTL. 
Planer p-i-n structure
Most of the planer p-i-n devices have PEDOT:PSS as HTM and fullerene derivatives as ETM respectively . Jeng et al. fabricated first p-i-n PSC using thermal evaporation method for ETL layer (C 60 ) as well as back contact of aluminium respecctively and achieved an efficiency of 3.9% [73] . Sun and co-workers have used one step deposition method which is less costly than thermal evaporation and got an improved efficiency (5.2%). In their extended work, they have used sequential deposition method and achieved improved efficiency of 7.4% [74] . Docampo et al. have used mixed halide perovskite material and followed solution process method and achieved an efficiency of 9.8% [75] . After this research, You et al. optimized the structure of PSC and used thermal annealing process to get higher efficiency (11.5%) [76] . The efficiency of PSC was improved by using two fullerene layers reported by Wang et and used PTAA as HTM to achieve high efficiency (18.3%) [82] . In their further work, they have incorporated chlorine in perovskite solution as an additive and improved PCE up to 18.9% [87] .
The other way to improve the efficiency of a planer p-i-n PSC is the addition of an extra layer between ETL and metal electrode. Sun and co-worker has applied LiF interlayer and improved the PCE of PSC to 13.2% [79] . Xue et al. used a polymer interlayer of PN 4 N between PC 61 BM and Al and improved PCE from 12.2% to 15% [83] . PEN is also a very good incorporating interlayer to achieve high efficiency [81] .
HTL free perovskite solar cell
One of the ways to reduce the fabrication cost of PSC is a fabrication of ETL or HTL free perovskite solar cell. A comprehensive list of HTL free PSC is shown in the Table 3 . In case of HTL free PSC, counter electrode is directly coated either on perovskite film or on ETL . Perovskite film acts as an absorber layer as well as the HTM. Etgar and coworkers made the first HTM free perovskite solar cell in 2012 and got efficiency of 5.5% [97] . Shi et al. used two-step deposition methods to form a HTM free device and got an efficiency of 10.49% [103] . After this work, they TiO 2 as well as a very thin layer of AlO x between absorber layer and metal electrode was used and reported an efficiency of 11.1% [104] . This research clearly indicates that the incorporation of interlayer is helping to block holes and promote electron transport and hence enhances the efficiency of the device. Tsai et al inserted Bis-C60 interlayer between PC 61 BM and Ag and achieved 11% efficiency [113] . BCP was used as an interlayer between C 60 and metal by Li et al. and they reported the efficiency of 16% [115] . The cross-sectional image and J-V curve of device are shown in Figs. 8a and 8b respectively.
ETL free perovskite solar cell
Typical structure of HTL and ETL free PSC is shown in Fig. 9 . To fabricate ETL free device, perovskite is directly deposited on substrate like FTO/ITO [119] [120] [121] . Liu et al. made an ETL free device on ITO substrate using sequential deposition method and achieved an efficiency of 13.5% [119] . Ke et al. [120] used mixed perovskite (iodine and chlorine) on FTO substrate and used UVO treatment for cleaning of substrate. They have optimized the UVO treatment time (30 min) and the thickness of the absorber layer (500 nm). The FESEM images of the perovskite layer and the J-V curve of the device are shown in Fig.  10 . They have got an efficiency of 14.14% without ETL and 16% with the use of TiO 2 as an ETL. In case of ETL free devices, the film should be uniform with good crystalline structure to reduce shunting between HTM and FTO. Many devices without ETL are listed in Table 4 . 
Further advance/alternate
perovskite structure
Perovskite using mixed halide/ cation
From the above discussion, it is clear that use of mix halide in the perovskite layer gives more stable and efficient device. For the first time, Lee et al. [14] reported meso-superstructured organometal halide perovskite solar cell using CH 3 NH 3 PbI 2 Cl as a photoactive layer. It led to an efficiency of 10.90%. After that, the thickness of scaffold Al 2 O 3 was controlled and improved the efficiency of PSC up to 12.30% [15] . Jeon and colleagues made a mesoporous PSC mixer of iodine and bromine in the perovskite layer and observed an efficiency of 16.20% [18] . Incorporation of other ion with methyl ammonium ion in the perovskite layer also helps to improve efficiency and stability of device. Jeon et al. incorporated (highest for mixed halide perovskite solar cell) [37] . The XRD image of perovskite layer and J-V curve of device at optimum condition are shown in Fig. 5 . A comprehensive list of PSCs, using mixed halide in absorber layer is shown in Table 5 .
Replacement of Pb with other component
Lead (Pb) is a toxic element which is one of the hurdles in the commercialization of PSC. [94] . Use of DMSO helped to enhance the crystallinity of perovskite and to improve the efficiency of PSC upto 15.20%. The device structure and performances are shown in Fig. 11 . PSCs containing some other components with Pb in absorber layer are listed in Table  6 .
Replacement of metallic counter electrode by cost-effective carbon
As we can see almost all PSC need a metal electrode to complete the structure. A metal electrode (the counter electrode) is very much useful to prevent the PSC from degradation. The deposition method used for metal coating needs costly instrument (physical vapour deposition) and high vacuum, which requires very high cost for the solar cell fabrication. An effective way to reduce the fabrication cost is the use of other less costly counter electrode. Carbon is the best alternative material for re- 
OUR PRELIMINARY WORK
In our previous work, we have prepared TiO 2 semiconductor, Ag and Cu nanoparticles using sol-gel and colloidal techniques [122] [123] [124] [125] [126] [127] [128] . We have also worked on fabrication and optimization of pure and doped ZnO (Ag/Cu) using various techniques (spray, spin, and successive ionic layer adsorption reaction (SILAR)) [129] [130] [131] . The thickness of ZnO was optimized using taguchi as well as Grey optimization technique [131] . The optimum thickness using Taguchi and Grey techniques were 95 nm and 79 nm respectively (see Fig. 13 ). Presently, optimization of the low cost solar cell fabrication using ZnO/ TiO 2 (as an ETL) is being studied in detail. 
CONCLUSION AND OUTLOOK
In the present review paper, the progress in perovskite solar cell is discussed comprehensively. Organolead halide perovskite materials are most suitable for solar energy capturing, owing to the long diffusion length, high absorption coefficient and a tuneable band gap. Due to all of these properties, the efficiency of PSC jumped from 3.8% to 22.1%
[132] in short time span of a small number of years. PSC can be applied in photo-electrodes, radiation sensing and many more fields. One of the major problems in commercialization of PSC is its instability under air and the other reason is the presence of toxic lead. The stability of the device can be improved by modifying the methods applied for ETL, HTL, the perovskite layer coating. The type of counter electrode also affects stability. Many researchers are trying to replace Pb by Sn/Ge and they are getting promising stability. Study on the stability improvement of PSC under different conditions can be done in the future. During perovskite layer deposition, CH 3 NH 3 PbI 3 is thermally unstable and it quickly degrades to PbI 2 . So the degradation mechanism of CH 3 NH 3 PbI 3 requires to be studied in the future. Hence, present paper is highly useful to the beginners in the field of research on PSC, seeking comprehensive study on present status of perovskite solar cells.
